Widely used in the power and mining industry, cast Hadfield steel is resistant to wear, but only when operating under impact loads. Components made from this alloy exposed to the effect of abrasion under load-free conditions are known to suffer rapid and premature wear. To increase the abrasion resistance of cast high-manganese steel under the conditions where no dynamic loads are operating, primary titanium carbides are formed in the process of cast steel melting, to obtain in the alloy after solidification and heat treatment, the microstructure composed of very hard primary carbides uniformly distributed in the austenitic matrix of a hardness superior to the hardness of common cast Hadfield steel. Hard titanium carbides ultimately improve the wear resistance of components operating under shear conditions. The measured microhardness of the as-cast matrix in samples tested was observed to increase with the increasing content of titanium and was 380 HV0.02 for the content of 0.4%, 410 HV0.02 for the content of 1.5% and 510 HV0.02 for the content of 2 and 2.5%. After solution heat treatment, the microhardness of the matrix was 460÷480 HV0.02 for melts T2, T3 and T6, and 580 HV0.02 for melt T4, and was higher than the values obtained in common cast Hadfield steel (370 HV0.02 in as-cast state and 340÷370 HV0.02 after solution heat treatment). The measured microhardness of alloyed cementite was 1030÷1270 HV0.02; the microhardness of carbides reached even 2650÷4000 HV0.02.
Introduction
Today, components such as mill lining elements, beaters, jaws and cones of crushers, parts of construction machinery and parts operating in the power industry are manufactured from cast highmanganese Hadfield steel, or alternatively, from its modifications containing the additions of carbide-forming elements, such as chromium and molybdenum. The use of this cast steel grade for the above mentioned components is dictated by the working conditions of castings, which are exposed to the impact of operating loads. When a component cast from Hadfield steel operates under the conditions of mild loads, e.g. sand abrasion, its wear resistance is comparable to that of cast carbon steel [1÷5]. Table 1 shows a variety of the most widely used chemical compositions of cast Hadfield steel, which may contain the following elements (in wt%). In as-cast state, the microstructure of Hadfield steel consists of an austenitic matrix with precipitates of the alloyed cementite (Fe, Mn) x C y . It may also contain some non-metallic inclusions, and above the phosphorus content of 0.04% [1] , also a triple phosphorus-carbide eutectic (Fe (Fe, Mn) 3 C-(Fe, Mn) 3 P) [5] , (Fig. 1) . Carbides precipitating during the solidification and cooling of castings form a network on the austenite grain boundaries, reducing mainly the alloy toughness.
The precipitation of numerous carbides results in the formation of high internal stresses, which may lead to premature failure of castings due to the formation of cracks even at the stage of casting solidification in foundry mould. The low ductility of as-cast components made from Hadfield steel justifies the heat treatment to which these components are subjected and which consists in solutioning and cooling in water. This type of heat treatment allows obtaining the structure based on an austenitic matrix free from the precipitates of alloyed cementite [7÷12] (Fig. 2) . Some grades of the cast Hadfield steel are intentionally enriched with small amounts of strong carbide-forming elements, such as chromium or molybdenum. The aim is to improve the abrasive wear resistance of components cast from such alloys. Changes in the chemical composition lead to changes in the microstructure, ultimately resulting in the fact that large amounts of complex carbides precipitate in the casting not only outside but also inside the grain boundaries [7÷12] (Fig. 3) . Solutioning of castings made from the alloys with high content of carbide-forming elements does not guarantee obtaining a purely austenitic structure. Unfortunately, neither increase of the austenitizing temperature nor prolongation of its time can offer such a guarantee (Fig. 4) [12]. Cr) after solution heat treatment in water; austenitic matrix with undissolved carbides distributed on grain boundaries; nital etching [12] It is known from the technical literature [6] that the composition of cast high-manganese steel can be enriched with additions of vanadium. At a level of 2.3% C, 11% Mn and about 6% V, the resulting structure consists of an austenitic matrix with eutectic vanadium carbides (Fig. 5) . Carbides of this type present in the test melts were reported to cause very low impact strength (of the order of 3÷6 J/cm 2 ). In another case described in [11] , with the content of 1.6% C, 10% Mn, 5.5% V, the authors obtained the microstructure consisting of an austenitic matrix with primary carbides uniformly distributed in this matrix (Fig. 6) . In the abrasion test using Miller machine, this cast steel showed two times higher resistance than the common cast Hadfield steel [11] . Very positive results following the introduction of vanadium to the alloy have encouraged the author to make further test melts of the high-manganese steel, this time with the addition of titanium, which in the presence of carbon forms carbides of even higher hardness. 
Test materials and methods
Samples were cut out from the Y type ingots cast from highmanganese steel melted in an induction furnace of 30 kg capacity from Hadfield steel scrap with the additions of Fe-Ti. Introducing appropriate amount of titanium to molten steel in a metallurgical process resulted in the formation of primary titanium carbides, which in the solidified steel were evenly distributed in alloy matrix. Four test ingots were cast with different content of carbon and titanium. Samples were taken from the casting with 25 mm wall thickness; some samples were used in as-cast state, other samples were subjected to a solution heat treatment (1050ºC/water). On thus obtained samples, the analysis of chemical composition was conducted using ED/XRF spectrometer, the resulting microstructures were examined under a Neophot 32 light microscope equipped with a camera for digital image recording; microhardness of the matrix and carbides was measured by Vickers method under a load of 20 g. Analysis of the chemical composition of visible precipitates was made under the scanning electron microscope equipped with EDS analyzer.
Discussion of results
Based on the results of chemical analysis set out in Table 2 , it was found that the content of basic elements in the melt was comparable to the content of these elements in cast Hadfield steel. In test castings, higher content of chromium (1.2÷1.4%) and silicon (1.5÷2.4%) was obtained at a variable titanium content of 0.4÷2.5%. Based on the examinations by light microscopy (Figs. 7-13) and SEM (Fig. 14) , and on the results of the chemical analysis of visible precipitates (Table 3 , Figs. 15-16) , it was found that ascast microstructure of the examined steel is composed of a highmanganese austenitic matrix and primary titanium carbides, evenly distributed in this matrix. In melts T2 and T3, very small quantities of alloyed cementite were observed on grain boundaries (Figs. 7-8 ). In melts T4 and T6, the amount of the precipitated cementite was significantly higher (Figs. 9-10 ). The presence of the secondary alloyed cementite precipitated in test melts was due to the high content of chromium, to the presence of titanium (the higher is the content of titanium, the less of cementite is precipitated), and to the heavy segregation of alloying elements during the solidification and cooling of ingots. Fig. 7 . As-cast microstructure of sample from melt T2; austenitic matrix with evenly distributed primary titanium carbides, alloyed cementite present on grain boundaries; nital etching Fig. 8 . As-cast microstructure of sample from melt T3; austenitic matrix with evenly distributed primary titanium carbides, alloyed cementite present on grain boundaries; nital etching Fig. 9 . As-cast microstructure of sample from melt T4; austenitic matrix with evenly distributed primary titanium carbides, alloyed cementite present on grain boundaries; nital etching The solution heat treatment of test samples changes the microstructure, and consequently in all the tested samples it was possible to obtain the structure composed of an austenitic matrix and primary titanium carbides evenly distributed in this matrix, with grain boundaries free from the presence of cementite precipitates (Fig. 9) .
The measured microhardness of the as-cast matrix in samples tested was observed to increase with the increasing content of titanium and was 380 HV0.02 for the content of 0.4%, 410 HV0.02 for the content of 1.5% and 510 HV0.02 for the content of 2 and 2.5%. After solution heat treatment, the microhardness of the matrix was 460÷480 HV0.02 for melts T2, T3 and T6, and 580 HV0.02 for melt T4, and was higher than the values obtained in common cast Hadfield steel (370 HV0.02 in as-cast state and 340÷370 HV0.02 after solution heat treatment).
The measured microhardness of alloyed cementite was 1030÷1270 HV0.02; the microhardness of carbides reached even 2650÷4000 HV0.02.
Conclusions
1. As-cast microstructure of the tested steel consists of a highmanganese austenitic matrix, primary titanium carbides uniformly distributed in this matrix, and alloyed cementite. 2. After solution heat treatment, the obtained structure consists of an austenitic matrix and primary titanium carbides evenly distributed in this matrix. 3. As-cast microhardness of the alloy matrix is 380÷510
HV0.02 and increases with the increasing titanium content. 4. Solution heat treatment leads to further increase of the matrix microhardness (up to 580 HV0.02).
5. Microhardness of the alloyed cementite and carbides reaches 1270 HV0.02 and 4000 HV0.02, respectively.
